Introduction
============

Millions of tons of agricultural waste are generated globally every year ([@B36]). Examples are wheat and maize straws, sugarcane bagasse and corn stover. Such lignocellulosic biomass (LCB) is useful as raw material for the production of value-added materials as well as fuels. LCB is composed of lignin, cellulose and hemicellulose, whereas pectin, proteins, small molecules, and minerals can also be present ([@B15]). The exact composition of LCB depends on factors such as plant cultivar type, plant age, local growth conditions, harvesting season and the quality of the soil used for cultivation. For instance, depending on cultivar, age and local conditions, wheat straw can contain 30--44% cellulose, 23--50% hemicellulose, and 7.7--15% lignin ([@B39]). A clear impediment to the widespread use of wheat straw as raw material for value-added compounds is its relatively recalcitrant nature, which means it does not easily break down into its monomers. This recalcitrance is clearly caused by its complex chemical composition, and it relates to a major extent to the tight linkages between the lignin, hemicellulose, and cellulose parts. Moreover, the LCB physical structure, i.e., the degree of crystallinity and polymerization of cellulose and polysaccharide, is an important parameter that influences its degradability ([@B39]; [@B4]).

As a reflectance of its inherent complexity, a large variety of organisms (producing diverse enzymes) is commonly needed to efficiently degrade LCB like into its monomer compounds. In nature, microbial communities commonly degrade it in a dynamic and time-dependent manner. The degraders are thus presumed to show dynamic responses to the substrate, reaching higher biomass when working together when than acting alone. This process is known as synergistic growth. Moreover, the degrading organisms may use enzymes with complementary activities (enzymatic synergism). Synergism in growth and that in enzymatic activity therefore reflect two processes that are often closely linked in microbial communities ([@B39]; [@B9]). We took these two definitions into our own work on microbial consortia, as proposed in the recent literature ([@B26]; [@B10]). Given the fact that in natural systems synergism in LCB degradation processes is the rule rather than the exception, we surmised it is exacerbated in soil-derived microbial consortia selected on LCB.

What mechanisms are behind synergistic behavior in LCB degradation? According to classical knowledge and theory, microorganisms growing together on one substrate, when coexisting, most often divide labor, in a process called niche partitioning. Metabolic complementarity is the main process behind such niche partitioning, as revealed by the classical example of biofuel and hydrogen production through co-cultures of *Bacillus* and *Clostridium* on rice straw compost ([@B7]). So far, it has been relatively unknown to what extent complex substrates like LCB foster processes leading to coexistence. However, recently a co-culture of *Trichoderma reesei* and *Escherichia coli* growing on (pretreated) corn stover was found to be optimal in isobutanol production ([@B25]). The strategy was based on division of function between the two organisms. *T. reesei* secreted cellulolytic enzymes that transformed the LCB into soluble saccharides, whereas *E. coli* fermented these into isobutanol. Another recent study reported that, along the same lines, co-cultures of *Clostridium cellulovorans* (743B) and *C. beijerinckii* (NCIMB 8152) also successfully produced butanol, under mesophilic conditions ([@B42]). These studies thus show the key importance of metabolic complementarity in LCB degradation, in which the cooperation between synergistic pairs is driven by exchanges of key metabolites, or by niche partitioning. However, we still do not understand the plethora of mechanisms, as well as the dynamism, that play roles in the microbial attack on the LCB wheat straw ([@B28]; [@B11]; [@B14]; [@B16]; [@B17]). For instance, it remains unclear to what extent the composition/structure of the substrate affects the interactions between collaborating degraders. Moreover, the dynamism in the interactions and activities of collaborative organisms remains understudied.

In our previous work, a suite of microbial strains was isolated from three lignocellulolytic microbial consortia that had been selected by repeated growth on raw wheat straw as the single carbon and energy source. Most of the strains had shown promising lignocellulolytic capabilities ([@B8]). We here hypothesized that the wheat straw substrate, being complex and spatially structured, will promote 'division of labor,' and so cooperation, between some of the degrader strains. The aim of this study was, therefore, to uncover such synergisms and determine their potential. In this endeavor, we also addressed the potential mechanism behind the synergisms. The data showed that cooperative behavior was relatively 'common' in microbial consortia growing on wheat straw, but broke down when strain combinations were grown on simple substrates like glucose.

Materials and Methods {#s1}
=====================

Bacterial and Fungal Strains
----------------------------

The bacterial and fungal strains used in this study were isolated from three wheat-straw-grown microbial consortia that had originally been inoculated with forest soil, canal sediment and decaying wood derived microbiomes. Briefly, serial dilutions of extracts of the aforementioned biomes were prepared in saline (0.85%). Then, 100 μL aliquots of each dilution were spread onto the surface of R2A (BD Difco, Detroit, MI, United States) and potato dextrose agar (PDA) plates, to isolate fungi and bacteria, respectively. Morphological differences of the colonies were used in the selection procedure of the isolates, which were streaked to purity and then preserved at -80°C (in LB broth with 20% glycerol and potato dextrose broth for bacteria and fungi, respectively). *Coniochaeta ligniaria* sedF1 reflected a dominant colony in the PDA plates, and so was thought to represent the main viable fungus ([@B8]).

Culture Media
-------------

Three media, based on mineral medium (below) were used, on the basis of three different carbon sources. These were (1) "raw wheat straw" (1% w/v), (2) "synthetic recalcitrant biomass" (SRB) \[0.3% carboxymethyl cellulose (CMC) (VWR, Leuven, Belgium), 0.5% xylan-beechwood (Sigma--Aldrich, Darmstadt, Germany) and 0.1% lignin (Sigma--Aldrich, St. Louis, MO, United States)\] and (3) "glucose" (0.3%) (Merck, Darmstadt, Germany). The raw wheat straw was air-dried (50°C) before cutting it into pieces of about 5 cm length. Then, the pieces were thoroughly ground, using a mill hammer, to pieces ≤ 1 mm. No pre-treatment was performed (untreated raw substrate). All carbon sources were taken up in mineral medium \[7 g/L Na~2~HPO~4~⋅2H~2~O; 2 g/L K~2~HPO~4~; 1 g/L (NH~4~)~2~SO~4~; 0.1 g/L Ca (NO~3~)~2~⋅4H~2~O; 0.2 g/L MgCl~2~⋅6H~2~O g/L, pH 7.2\] ([@B19]; [@B5]; [@B8]) supplemented with vitamin solution (0.1 g Ca-pantothenate, 0.1 g cyanocobalamine, 0.1 g nicotinic acid, 0.1 g pyridoxal, 0.1 g riboflavin, 0.1 g thiamin, 0.01 g biotin, 0.1 g folic acid; H~2~O 1 L) and trace metal solution (2.5 g/L EDTA; 1.5 g/L FeSO~4~⋅7H~2~O; 0.025 g/L CoCl~2~; 0.025 g/L ZnSO~4~⋅7H~2~O;0.015 g/L MnCl~2~; 0.015 g/L NaMoO~4~⋅2H~2~O; 0.01 g/L NiCl~2~; 0.02 g/L H~3~BO~3~; 0.005 g/L CuCl~2~). Sterility of the substrate was verified following plating on trypticase soy agar (TSA) plates. All chemicals and reagents used in this work were of analytical molecular biology grade (Sigma--Aldrich, Darmstadt, Germany). Erlenmeyer flasks containing 25 mL of the media were autoclaved at 121°C for 27 min before use.

Monocultures and Co-cultures
----------------------------

Monoculture refers to the microbial strains growing alone in a flask. Co-culture refers to combined strains growing in a flask. Triplicates were used throughout. The selection of strains for the construction of the synthetic pairs was based on relative abundance, enzymatic activity and antagonism assay data, as reported earlier ([@B8]). After a first screening (**Table [1](#T1){ref-type="table"}**), six bacterial and one fungal strain(s) were selected to examine the behavior in co-cultures. Thus 13 co-cultures were formed (**Table [2](#T2){ref-type="table"}**).

###### 

Taxonomic affiliation of microbial strains used in this study.

  Taxonomy affiliation                                                                                         
  ---------------------- -------------------------------- ----------------------- ----------------------- ---- ----------
  w4                     *Chryseobacterium taihuense*     *Flavobacteria*         *Flavobacteriaceae*     99   KT265756
  so3                    *Chryseobacterium taihuense*     *Flavobacteria*         *Flavobacteriaceae*     98   KT265758
  so4                    *Citrobacter freundii*           *Gammaproteobacteria*   *Enterobacteriaceae*    99   KT265771
  so22                   *Sphingobacterium multivorum*    *Sphingobacteria*       *Sphingobacteriaceae*   98   KT265750
  w15                    *Sphingobacterium multivorum*    *Sphingobacteria*       *Sphingobacteriaceae*   97   KT265748
  se10                   *Sphingobacterium faecium*       *Sphingobacteria*       *Sphingobacteriaceae*   98   KT265798
  w6                     *Flavobacterium ginsengisoli*    *Flavobacteria*         *Flavobacteriaceae*     99   KT265792
  so9                    *Flavobacterium ginsengisoli*    *Flavobacteria*         *Flavobacteriaceae*     99   KT265787
  so11                   *Flavobacterium banpakuense*     *Flavobacteria*         *Flavobacteriaceae*     99   KT265796
  so1                    *Acinetobacter johnsonii*        *Gammaproteobacteria*   *Moraxellaceae*         99   KT265766
  se1                    *Acinetobacter beijerinckii*     *Gammaproteobacteria*   *Moraxellaceae*         99   KT265764
  so5                    *Comamonas testosteroni*         *Betaproteobacteria*    *Comamonadaceae*        99   KT265795
  so16                   *Ochrobactrum thiophenivorans*   *Alphaproteobacteria*   *Brucellaceae*          99   KT265790
  se5                    *Oerskovia enterophila*          *Actinobacteria*        *Cellulomonadaceae*     99   KT265785
  so12                   *Lelliottia amnigena*            *Gammaproteobacteria*   *Enterobacteriaceae*    99   KT265765
  so14                   *Microbacterium oxydans*         *Actinobacteria*        *Microbacteriaceae*     99   KT265770
  so24                   *Stenotrophomonas rhizophila*    *Gammaproteobacteria*   *Xanthomonadaceae*      99   KT265769
  w1                     *Achromobacter xylosoxidans*     *Betaproteobacteria*    *Alcaligenaceae*        99   KT265794
  w5                     *Delftia tsuruhatensis*          *Betaproteobacteria*    *Comamonadaceae*        99   KT265782
  w8                     *Microbacterium gubbeenense*     *Actinobacteria*        *Microbacteriaceae*     97   KT265752
  w9                     *Microbacterium foliorum*        *Actinobacteria*        *Microbacteriaceae*     99   KT265781
  w13                    *Raoultella terrigena*           *Proteobacteria*        *Enterobacteriaceae*    99   KT265761
  w16                    *Stenotrophomonas terrae*        *Gammaproteobacteria*   *Xanthomonadaceae*      99   KT265788
  ^∗∗^sedF1              *Coniochaeta ligniaria*          *Sordariomycetes*       *Coniochaetaceae*       96   KT265807

∗

Closest relative species. According to 16S or 18S (

∗∗

) ribosomal RNA gene sequence comparisons

.

###### 

Microbial composition of the co-cultures in this study.

  Taxonomy affiliation                                                                     
  ---------------------- ----------------- ----------------------- ----------------------- -----------------------
  A                      so4, w15          *C. freundii* so4       *S. multivorum* w15     
  B                      so4, so22         *C. freundii* so4       *S. multivorum* so22    
  C                      so4, so1          *C. freundii* so4       *A. johnsonii* so1      
  D                      w15, so1          *S. multivorum* w15     *A. johnsonii* so1      
  E                      so9, so1          *F. ginsengisoli* so9   *A. johnsonii* so1      
  F                      so4, so9          *C. freundii* so4       *F. ginsengisoli* so9   
  G                      w15, so9          *S. multivorum* w15     *F. ginsengisoli* so9   
  H                      so4, w9           *C. freundii* so4       *M. foliorum* w9        
  I                      w15, w9           *S. multivorum* w15     *M. foliorum* w9        
  J                      so4, w15, so1     *C. freundii* so4       *S. multivorum* w15     *A. johnsonii* so1
  K                      so4, w15, so9     *C. freundii* so4       *S. multivorum* w15     *F. ginsengisoli* so9
  L                      so4, w15, sedF1   *C. freundii* so4       *S. multivorum* w15     *C. ligniaria* sedF1
  M                      so4, w15, w9      *C. freundii* so4       *S. multivorum* w15     *M. foliorum* w9

Microbial Culture and Growth Measurements
-----------------------------------------

The mono- and co-cultures were grown in Erlenmeyer flasks (in triplicates). To prepare inocula, microbial strains were pre-grown on TSA plates at 28°C for 48 h. Then a fresh colony of each strain was dissolved in sterile saline (0.85% NaCl). The fungal strain was first adapted to growth in liquid media (potato dextrose broth) for 48 h. The optical density of the bacterial and fungal suspensions were then checked, after which they were adjusted to that representing a standard cell density of about 5 log cells per mL. The incubation conditions were 28°C with shaking at 180 rpm. Microbial growth was measured at regular time points, i.e., every 24 h until 72 h. At each time point, 1 mL culture was harvested, cells were spun down (20 min, 13,300 rpm, 4°C -- Eppendorf centrifuge, Hamburg, Germany), and the supernatant was used for enzymatic activity analyses. Then, cells were resuspended in sterile saline and the resulting suspensions used for serial dilution plating on TSA. The inoculated plates were incubated at 28°C for 24--48 h, after which the developed colonies were counted. Thus, growth was monitored by CFU counting following incubation. To determine the maximal growth rates of the cultures (μ, h^-1^), the numbers of CFUs measured during the exponential growth phase were log-transformed and the slope of each growth curve was used. Flasks with culture medium without cells were used as negative controls (NCs).

Lignocellulolytic Enzyme Activity Assays
----------------------------------------

The activities of four different enzymes were monitored at time points 0, 24, 48, and 72 h. Substrates for β-glucosidase (BG) (EC. 3.2.1.37), cellobiohydrolase (CBH) (EC. 3.2.1.91), β-mannosidase (BM) (3.2.1.25), and β-xylosidase (BX) (EC. 3.2.1.37) activities were used. The first two substrates report on the degradation of cellulose and the last two on that of the hemicellulose part of wheat straw. The activities were quantified on the basis of the (enzyme-specific) substrate label 4-methylumbelliferone (MUB): 4-MUB-β-glucosidase, 4-MUB-β-cellobiosidase, 4-MUB-β-mannosidase, and 4-MUB-β-xylosidase (Sigma--Aldrich, Darmstadt, Germany). The reaction mixtures consisted of 150 μL diluted supernatant (usually 1/4) in MOPS buffer (50 mM, pH 6.5; Sigma--Aldrich, Darmstadt, Germany) and 2 mM of MUB substrate in black 96-well plates. The reactions were incubated 1 h at 28°C in the dark, after which 30 μL of NaOH (1 M) was added. Fluorescence was measured at an excitation wave length of 365 nm with emission at 445 nm. The enzymatic activities were then calculated from the fluorescence units using a standard calibration curve. Supernatant recovered from the NC was also tested, and thus served as the NC. The enzymatic activities are reported as the rate of MUB production (nmol MUB per h at 28°C, pH 6.8). All assays were done in triplicate.

Antagonistic Interaction Assays
-------------------------------

Antagonistic interactions were tested with Burkholder's 'spot-on-lawn' method ([@B6]). Strains were confronted with each other in a set-up to obtain a full interaction matrix of all strains with each other. Lawns of each strain were created by mixing exponentially grown cultures (optical density 0.5 at 600 nm) with soft carboxymethyl cellulose (CMC)-xylan agar media (CMC 0.2%, xylan 0.1%, yeast extract 0.05%, 1.5% agar) and pouring these onto the surface of LB agar plates. Following solidification, five microliters of overnight cultures of selected bacterial or fungal strains were added on top ([@B29]; [@B2]). The plates were incubated for 48 h at 28°C, after which they were inspected for inhibition haloes around the growth of the test strains. The broad-spectrum antibiotic streptomycin was used as a control (data not shown).

Synergism
---------

The degree of enzymatic synergism (DS) ([@B38]) was calculated by dividing the observed enzymatic activity from each co-culture (secretome) by the sum of the individual activities of the secretome from the respective monocultures. Greater values of the calculated DS indicate a greater enzymatic synergism. Synergistic growth was defined as having occurred when the biomass developed in the co-culture was significantly (*t*-test, *P* \< 0.05) higher than the sum of the biomasses achieved in the respective monocultures.

Induction Experiment
--------------------

Monocultures of strains *Sphingobacterium multivorum* w15 and *Citrobacter freundii* so4 were prepared as described above, using either raw wheat straw or glucose as the carbon source. Supernatants were harvested and filtered (0.2-μm pore size filter). No viable cells were detected in the supernatants. For the induction of strain w15, 10% of the final volume of *C. freundii* so4 culture supernatant was added to the *S. multivorum* w15 culture. Moreover, *C. freundii* so4 was treated in the reciprocal way. For both cultures, the supernatants were added at the onset of the incubation. Triplicate treatments were used. The controls consisted of strains growing with the addition of 10% of the medium. The growth and enzymatic activities were then monitored over time and compared with their respective controls.

Statistical Analyses
--------------------

For the detection of differences in growth across the cultures, we used Student's *t*-test. Since the enzymatic activity data had a non-normal distribution, even after log transformation (x+1), we used the non-parametric Kruskal--Wallis test. Regression analyses between monoculture growth rates and enzymatic activities were performed in SPSS (data not shown). Data were considered to be significant at *P* \< 0.05.

Results
=======

Testing for Potential Antagonisms on CMC-Xylan Agar Media
---------------------------------------------------------

The strains used in these tests are shown in **Table [1](#T1){ref-type="table"}**. Testing for antagonism across all pairs of strains revealed that, under the conditions used, none of the bacterial strains exhibited antagonism to any of the other strains (data not shown). Considering the fungal strain *C. ligniaria* sedF1, we found no antagonistic effect of it on any of the bacterial strains.

Monocultures
------------

Twenty-three among 51 bacterial strains obtained from the wheat straw microbial consortia (**Table [1](#T1){ref-type="table"}**) were able to grow aerobically in monoculture in minimal medium with wheat straw as the sole source of carbon and energy. All of the 23 growth-positive bacterial cultures grew from a start density of around 5, to a final density of around 8 log cell/mL after 48--72 h. The strains revealed different specific growth rates, expressed as μ (h^-1^) (**Figure [1](#F1){ref-type="fig"}**). The fungal strain *C. ligniaria* sedF1 also grew well. We decided to work further with these bacterial strains, omitting the 28 non-growers from this study. In addition, we included the fungal strain *C. ligniaria* sedF1 on the basis of the prevalence of this fungal species across all wheat straw grown enrichments.

![Screening of growth and degradation capacity of selected microbial strains. Microbial strains were isolated from three different enriched consortia. **(A)** The left panel shows specific growth rates, μ (h^-1^), in decreasing order. Horizontal line represents standard deviation across triplicates. Selected strains are shown in red. **(B)** The right panel shows relative activity of four lignocellulolytic enzymes, BG, β-glucosidase; CBH, cellobiohydrolase; BM, β-mannosidase; and BX, β-xylosidase. The relative enzymatic activity is reported in nmol MUB released per h at 28°C, pH 6.8. Activity values are normalized by using log (x+1).](fmicb-08-01628-g001){#F1}

### Growth Rates

The specific growth rates, expressed as μ (h^-1^), of the 23 bacterial strains (**Table [1](#T1){ref-type="table"}**), next to that of the single fungal strain can be seen in **Figure [1](#F1){ref-type="fig"}**. Three main groups were observed, typified by either high, intermediate or low growth rates. Eight strains fell in the high-growth-rate class \[average μ = 0.13 h^-1^ (±0.0013)\]. These were: *Ochrobactrum thiophenivorans* so16, *Comamonas testosteroni* so5, *Microbacterium foliorum* w9, *Delftia tsuruhatensis* w5, *Oerskovia enterophila* se5, *Stenotrophomonas rhizophila* so24, *Chryseobacterium taihuense* w4 and *Stenotrophomonas terrae* w16. The second group, composed of 12 strains, revealed intermediate growth rates \[i.e., μ = 0.10 h^-1^ (±0.005)\]. These were *Acinetobacter johnsonii* so1, *Lelliottia amnigena* so12, *S. multivorum* so22, *C. freundii* so4, *Achromobacter xylosoxidans* w1, *S. multivorum* se10, *Raoultella terrigena* w13, *Microbacterium gubbeenense* w8, *Acinetobacter beijerinckii* se1, *S. multivorum* w15, *Microbacterium oxydans* so14, and *Flavobacterium ginsengisoli* so9. The remaining two bacterial strains (as well as the fungus) grew slowly, with a μ of 0.08 ± 0.006 h^-1^. These were *F. banpakuense* so11 and *C. taihuense* so3, next to *C. ligniaria* sedF1 (**Table [1](#T1){ref-type="table"}** and **Figure [1A](#F1){ref-type="fig"}**).

### Degradation Potential

We examined the production of extracellular β-glucosidases, cellobiohydrolases, β-mannosidases, and β-xylosidases in each of the monocultures. The data show that only five strains (*A. johnsonii* so1, *A. beijerinckii* se1, *C. testosteroni* so5, *O. enterophila* se5, and *D. tsuruhatensis* w5) did not yield any enzymatic activity on the four substrates (**Figure [1B](#F1){ref-type="fig"}**). For the remaining 18 bacterial and one fungal strain, specific suites of released enzymes were found (**Figure [1B](#F1){ref-type="fig"}**). For all enzymes, the total activities measured consistently increased over time, being maximal at 72 h (**Figure [1](#F1){ref-type="fig"}**). This indicated growth-related enzyme secretion across all these strains.

However, none of the monocultures showed a clear relationship between enzymatic activity and growth rate (using regression analysis) (data not shown). For instance, *C. testosteroni* so5, *O. enterophila* se5, and *D. tsuruhatensis* w5 revealed high growth rates on the wheat straw, but they did not reveal activity on any of the enzyme substrates (**Figure [1](#F1){ref-type="fig"}**). On the other hand, the intermediate-growth-rate *F. ginsengisoli* so9 showed very high β-glucosidase, cellobiohydrolase, and β-xylosidase activities. In contrast, *O. thiophenivorans* so16 revealed the highest μ of all strains (0.13 h^-1^, ±0.005), whereas it revealed only intermediate values of the four enzymatic activities (**Figure [1B](#F1){ref-type="fig"}**).

Co-cultures
-----------

Starting from the premise that bacteria, next to fungi, make up the major part of the wheat-straw-selected microbial consortia ([@B8]), we used educated guesses to assemble co-cultures with presumed collaborative substrate degradation activity. The co-cultures thus included a selection of highly performing or high-abundance bacteria, next to a dominant fungus (**Table [2](#T2){ref-type="table"}**).

### Bacterial Strain Selection

Combinations of strains were formed on the basis of (1) the abundance values of the respective bacterial types in the three source microbial consortia ([@B8]), (2) the performance of strains in the current tests of growth and enzymatic activity on wheat straw. Thus, the enzyme-active *C. freundii* so4, *S. multivorum* strains w15 and so22, and *A. johnsonii* so1 were selected (OTUs dominant in wood/soil derived wheat straw bred consortia, and *S. multivorum* also in the sediment-derived consortia) (**Table [3](#T3){ref-type="table"}**). In addition, *F. ginsengisoli* so9 was also chosen because it revealed the highest enzymatic activities of all screened strains. Finally, *M. foliorum* w9, presented in low abundance, was included in the work because it revealed a high growth rate and maximal glucosidase activities when grown on wheat straw at all time points (**Figure [1B](#F1){ref-type="fig"}**).

###### 

Relative abundance and growth of most abundant bacterial strains in the final consortia derived from decaying wood, forest soil, and canal sediment.

  Selected bacteria strain      Relative abundance (%) in consortia derived from:^∗^                
  ----------------------------- ------------------------------------------------------ ------------ -----------
  *C. freundii* -- so4          19.3 ± 5.1                                             19.7 ± 3.9   \<2
  *S. multivorum* -- w15/so22   18 ± 11                                                23.4 ± 3.7   8.4 ± 1.8
  *A. johnsonii* -- so1         11.8 ± 7.6                                             \<2          \<2
  *F. gingengisoli* -- so9      5.6 ± 2.2                                              5.7 ± 1.2    \<2
  *M. foliorum* w9              \<2                                                    \<2          \<2

∗

Taken from

Cortes-Tolalpa et al. (2016)

.

### Fungal Strain Selection

The fungal strain *C. ligniaria* sedF1 (dominant in the sediment-derived wheat-straw-bred consortia) was selected (see Materials and Methods), as it revealed growth on lignocellulose, with considerable activity of β-glucosidases (1023.0 ± 9.4) and cellobiohydrolases (156.9 ± 0.4) in monoculture. Moreover, previous work had shown that this fungus may promote bacterial growth by removal of toxic compounds on torrified grass ([@B35]). This fungus has consistently been isolated from LCB grown microbial cultures, as reported in several recent studies ([@B19]; [@B5]; [@B8]); it may itself have an important role in wheat straw degradation.

### Growth in Co-cultures

#### Bacterial--bacterial bicultures

From the 13 co-cultures, four bicultures (A, C, D, and J) revealed synergistic growth, as evidenced by comparing the growth in the biculture to that in the monocultures of each of the strains. Bicultures H, I, K, and M did not show synergistic growth (*t*-test, *P* \> 0.05) (Supplementary Figure [S1A](#SM1){ref-type="supplementary-material"}), whereas bicultures B, E, F, and G exhibited a partial positive interaction. In the latter, only one of the strains in the pair benefited from being in the co-culture (Supplementary Figure [S1A](#SM1){ref-type="supplementary-material"}). These were, for bicultures E, F, and G (in which the strong enzyme producer *F. ginsengisoli* so9 was involved): strains so1, so4, and w15, respectively. In the case of biculture B, both strains so4 and so22 revealed enhanced growth (as compared to the monoculture counterparts), although this was not significant (Supplementary Figure [S1A](#SM1){ref-type="supplementary-material"}).

The synergistic bicultures with highest gain in biomass were: A (*C. freundii* so4/*S. multivorum* w15), C (*C. freundii* so4/*A. johnsonii* so1), D (*S. multivorum* w15/*A. johnsonii* so1), and J (*C. freundii* so4/*S. multivorum* w15, *A. johnsonii* so1) (*t*-test, *P* \< 0.05) (**Figure [2A](#F2){ref-type="fig"}**). Culture A revealed an increase of 18.2 (±0.3)-, C of 18.3 (±1.3)-, D of 20.5 (±0.6)-, and J of 15.3 (±2.4)-fold.

![Characterization of synergistic co-cultures. **(A)** Cell densities (log CFU/mL) after 48 h. Significant differences between the sum of monocultures and co-cultures (*t*-test, *P* \< 0.05) shown by ^∗^. Explanation: *m*, sum of monocultures (gray-m); and *C*, co-cultures (yellow-C). Explanation: so4, *C. freundii*, w15, *S. multivorum*, so1, *A. johnsonii*, sedF1, *C. ligniaria*. In the pie chart, the proportions of the individual strains in the co-culture at the end of the culture are shown. **(B)** Synergistic enzymatic activities in the supernatant from synergistic co-cultures. Y-axis shows the increase (fold) in the enzymatic rate in the co-culture compared with that in the separate monocultures (summed). X-axis shows the respective enzymatic assay. CBH, cellobiohydrolase; BM, β-mannosidase; BX, β-xylosidade. Only co-cultures A, D, and L presented synergistic enzymatic activities with the tested enzymes. Enzymatic activity data were based on nmol MUB produced per h at 28°C, pH 6.8. Bars indicate standard deviations across triplicate systems. (-) below detection.](fmicb-08-01628-g002){#F2}

#### Bacterial-bacterial-fungal triculture

Only one bacterial-fungal triculture revealed synergistic growth (L). Triculture L, assembled by mixing *C. freundii* so4 S. *multivorum* w15 and *C. ligniaria* sedF1, revealed quite interesting results, as both bacterial strains exhibited synergistic growth in the presence of the fungus. In contrast, the fungus performed better in the monoculture (*t*-test, *P* \< 0.05). Thus, in the triculture *C. freundii* so4 showed a growth increase of 27.8 (±0.8) and *S. multivorum* of 28.2 (±1.5) fold, compared to the respective monocultures. In contrast, the fungal strain showed a decrease in growth (43.9 ± 2.7 fold), compared with its biomass in monoculture.

### Degradation Potential in Co-cultures

In most of the co-cultures, the production of β-glucosidases, cellobiohydrolases, β-mannosidases, and β-xylosidases was stimulated in a mixture- and time-dependent manner. This indicated mutual effects of the strains in spurring the production and/or secretion of lignocellulolytic enzymes. In other words, the activities measured in the co-cultures exceeded those found in the corresponding monocultures (**Figure [2B](#F2){ref-type="fig"}**).

Along the duration of the experiments, co-cultures C, H, J, K, L (**Table [2](#T2){ref-type="table"}**) did not show any synergistic enzymatic activity. In contrast, cultures E and F (**Table [2](#T2){ref-type="table"}**) displayed very high enzymatic activities at the end of the incubation period (72 h). Thus, measured activities were: 10351 ± 635.2 (for BG), 2205 ± 174.9 (for CBH), 5181.2 ± 847.9 (BG), and 515.4 ± 107.9 (for CBH), respectively (relative enzymatic activities reported in nmol of MUB released per h at 28°C, pH 6.8). The increased enzymatic activities were attributed to the presence of the high-enzyme producer *F. ginsengisoli* so9 across these cultures. Surprisingly, *F. ginsengisoli* so9 did not display any synergism in mixtures with other strains (Supplementary Figure [S1B](#SM1){ref-type="supplementary-material"}).

Among the five co-cultures that were synergistic for growth (**Table [2](#T2){ref-type="table"}**), two did not show any synergistic enzymatic activities (C and J), whereas three others did (A, D, and L) (**Figure [2B](#F2){ref-type="fig"}**). In **Figure [2B](#F2){ref-type="fig"}**, we show the increase in enzymatic activities in the co-culture compared with the summed respective monocultures. For co-culture A, synergistic activities were found for cellobiohydrolases (DS~CBH~ = 15.3 ± 0.5), β-mannosidases (DS~BM~ = 2.3 ± 0.3), and β-xylosidases (DS~BX~ = 2.3 ± 0.5). Co-culture D exhibited exclusively (raised) cellobiohydrolase activities (DS~CBH~ = 17.4 ± 0.2). Concerning the two-bacterial-fungal co-culture L, synergism in the activities of cellobiohydrolases (DS~CBH~ = 2.0 ± 0.2), β-mannosidases (DS~BM~ = 1.9 ± 0.1), and β-xylosidases (DS~BX~ = 2.2 ± 0.2) were found (**Figure [2B](#F2){ref-type="fig"}**). Overall, the most 'compatible' biculture, in terms of enzymatic activities, was the system composed of *C. freundii* so4 and *S. multivorum* w15 (A). This system was 'growth-synergistic,' next to "enzyme-synergistic." Interestingly, a clear commonality in co-cultures A, B, G, I, and M (which presented synergism in cellobiohydrolases, β-mannosidases, and β-xylosidases) was the presence of *S. multivorum* in the form of strains w15 or so22 (Supplementary Figure [S1B](#SM1){ref-type="supplementary-material"}).

Influence of the Carbon Source on Collaboration between *C. freundii* so4 and *S. multivorum* w15
-------------------------------------------------------------------------------------------------

To investigate if the carbon source has an influence on the collaborative behavior within bicultures, we selected the aforementioned most synergistic one, composed of *C. freundii* so4 and *S. multivorum* w15. Growth experiments were set up, in mono- and bicultures, on carbon sources with increasing levels of complexity and degradability, namely (1) glucose, (2) SRB (CMC, xylan, and lignin), and (3) wheat straw. Overall, the data revealed a strong relationship between the substrate type (see Materials and Methods) and the level of collaborative interaction in the system (**Figure [3](#F3){ref-type="fig"}**). Interestingly, in the biculture grown on glucose, no synergistic relationship was found (**Figure [3A](#F3){ref-type="fig"}**). When the strains were grown on SRB, synergistic growth was only observed at the end of the incubation period, i.e., after 72 h (**Figure [3B](#F3){ref-type="fig"}**). In sharp contrast, significant synergistic growth (*t*-test, *P* ≤ 0.05) along the incubation time was observed for the two strains growing together on the (raw) wheat straw (**Figure [3C](#F3){ref-type="fig"}**).

![Influence of carbon source complexity on collaborative relationship between the most synergistic bacterial pair (*C. freundii* so4 / *S. multivorum* w15). *C. freundii* so4 (red) and *S. multivorum* w15 (blue) were grown in monoculture (-) and biculture (- -), on different carbon sources with different levels of "recalcitrance": **(A)** glucose, **(B)** synthetic recalcitrant biomass (SRB, containing carboxymethyl cellulose \[CMC\], xylan-beechwood and lignin) and **(C)** raw wheat straw. *S. multivorum* w15, in monoculture, presented a long lag phase growing on glucose and SRB and immediate growth on raw wheat straw, whereas *C. freundii* so4 showed better adaptation to the synthetic medium. Both strains grew better in biculture. Y-axis: cellular density (log CFU/mL); X-axis: time in h. Red arrow indicates synergistic growth. Standard deviation based on triplicate systems - shown by vertical bars or within symbol dimensions.](fmicb-08-01628-g003){#F3}

### Specificity of Collaborative/Synergistic Growth

In the bicultures growing in SRB, after 72 h, C. freundii so4 showed an increase in density of 24.6 fold (±1.4), while *S. multivorum* w15 showed an increment of 24.2 fold (±7.9). Notably, the monoculture of the latter strain revealed a long lag phase, while *C. freundii* so4 did not reveal such a phenomenon (**Figure [3B](#F3){ref-type="fig"}**). Growing in biculture on raw wheat straw, after 24 h, *C. freundii* so4 presented an increase in density of 15.4 fold (±3.2), while *S. multivorum* w15 showed an increment of 19.4 fold ± 0.6 (**Figure [3C](#F3){ref-type="fig"}**). In contrast, there was no substantial fold increase in the bicultures grown on glucose for any of the two strains (**Figure [3A](#F3){ref-type="fig"}**). Hence, we posit that the level of recalcitrance of the substrate was congruent with the strength of the collaborative relationship between the two bacterial degraders.

### Degradation Potential

*Citrobacter freundii* so4 and *S. multivorum* w15 growing in biculture in SRB did not exhibit synergistic enzymatic activity in the initial phases of the experiment. However, at the end of the incubation time (72 h), enzymatic synergism became apparent, as revealed by BG, CBH, BM, and BM assays. Specifically, the co-cultures displayed the following DS values: 6.4 (±3.9), 2.4 (±0.6), 4.8 (±2.6), 6.4 (5.7 ± 0.6), respectively (Supplementary Figures [S2A](#SM1){ref-type="supplementary-material"}--[D](#SM1){ref-type="supplementary-material"}). Clearly, the enhanced cell densities at later stages of incubation drove the strains to synergism also at the enzymatic level.

Are Released Compounds at the Basis of the Synergism?
-----------------------------------------------------

To explore the mechanism involved in the synergism, we selected the *C. freundii* so4/*S. multivorum* w15 pair. Monocultures of each strain were treated with freshly harvested supernatants of their partner strain, in two different conditions. In the first case, both supernatant donor strains had been grown on raw wheat straw and in the second case on glucose. The supernatants originating from growth in the two different media affected partner strains to very different extents (**Figure [4](#F4){ref-type="fig"}**). Both partners of the pair revealed significant (*t*-test, *P* \< 0.05) growth enhancements when treated with supernatants from the partner organism grown in raw wheat straw. However, this was not the case for the cultures grown in glucose. Below, we provide details of the growth and enzymatic potential parameters.

![Induction experiment. Effect of supernatant from *C. freundii* so4 (circle), growing on raw wheat straw (RWS) or glucose, on the growth of *S. multivorum* w15 (square) and vice versa. In **(A)** *C. freundii* so4 is the recipient and *S. multivorum* w15 is the donor grown in monoculture on raw wheat straw (red) or glucose (green); supernatant from RWS-grown strain w15 produced a significant increase (*t*-test, *P* \< 0.05) in the growth of *C. freundii* so4 (as compared to the control on RWS (blue)). In **(B)** *S. multivorum* w15 is the recipient and *C. freundii* so4 is the donor, grownin monoculture on RWS (red) or glucose (green); supernatant from RWS-grown strain so4 produced a significant increase (*t*-test, *P* \< 0.05) in the growth of *S. multivorum* w15 (as compared to the control) on RWS (blue). Red arrow indicates synergistic growth. Standard deviation based on data from triplicate systems - (shown by vertical bars or within symbol dimensions).](fmicb-08-01628-g004){#F4}

### Growth

Upon addition of the supernatant of the counterpart strain grown in raw wheat straw, *C. freundii* so4 (growing on raw wheat straw) exhibited a biomass increase of 27.9 fold (±0.7) (**Figure [4A](#F4){ref-type="fig"}**) as compared to the respective control monoculture. *S. multivorum* w15 revealed a similar 24.9 (±2.7) fold biomass increment following induction (**Figure [4B](#F4){ref-type="fig"}**). In contrast, when supernatants were used from bacterial donors grown in glucose, *S. multivorum* w15 (growing on raw wheat straw) presented a longer log phase and a growth reduction of 45-fold (±4.1) at 24 h. However, at the end of the experiment (72 h), the strain reached the same biomass as the control (growing on raw wheat straw) (**Figure [4B](#F4){ref-type="fig"}**). *C. freundii* so4 growing on raw wheat straw and induced by the counterpart strain supernatant (growing in glucose) showed a slight (3.7 ± 0.1 fold) increase in biomass at 48 h. However, this strain had the same biomass as the control one at the end of the incubation (27 h) (**Figure [4A](#F4){ref-type="fig"}**).

### Degradation Potential

Remarkably, the enzymatic activities in the cultures induced by supernatants of strains growing in glucose did not show significant differences from those in the control (uninduced) cultures in both cases (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). In contrast, the enzymatic activities in the two cultures that had been treated with supernatants from raw wheat straw grown partner strains revealed an important difference, in both directions. The monocultures growing on raw wheat straw, at time zero, did not show any enzymatic activity in the four assays (β-glucosidases, cellobiohydrolases, β-mannosidases, and β-xylosidases) (data not shown). In contrast, upon treatment with supernatants from the RWS-grown partner, high enzymatic activities were found in all assays of the resulting supernatants as from the start of the culture, as compared to the untreated control. The impact on the activity was the same for both strains (*C. freundii* so4, *S. multivorum* w15) (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}).

The effect of the supernatants of donor *S. multivorum* w15 on *C. freundii* so4 was relatively constant, with somewhat increasing values along the culture time, compared with the control (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}). Thus, *S. multivorum* w15 presumably collaborates with *C. freundii* so4 by contributing diverse enzymatic activities. Conversely, *S. multivorum* w15 as a recipient of *C. freundii* so4 supernatant showed enhanced enzymatic activity only during the first 24 h of incubation. However, this did not impact the growth of w15, indicating that *C. freundii* so4 stimulates *S. multivorum* w15 temporarily by a mechanism different from enzymatic enhancement.

Discussion
==========

The interest in using co-cultures or consortia in the LCB bioprocess industry has increased recently. For instance, microbial consortia have been proposed as key agents in the degradation of wheat straw ([@B19]; [@B14]; [@B16]). The underlying assumption was that they provide a perfect mix of diverse lignocellulolytic enzymes required to degrade the recalcitrant compounds in wheat straw. In particular, metabolic cooperation between microorganisms and synergistic action of secreted enzymes may allow for an efficient degradation process ([@B33]; [@B18]). In this study, we aimed at characterizing to what extent cooperation between individual populations from the microbial consortia affects lignocellulose degradation, by characterizing co-cultures (in comparison to monocultures) of lignocellulose-degrading bacteria and fungi. The cultures were monitored through time, thus providing a dynamic view of both growth and enzyme activities. Our results clearly indicate that bacterial synergism does play a substantial role in subsets of organisms in such consortia and that the relationship between strains inhabiting the same system is dependent on the complexity of the carbon source.

Metabolic Complementarity
-------------------------

Overall, a positive relationship was found between the abundance of particular degrading bacteria (in raw wheat straw derived consortia) and their capacity to grow on the substrate (**Figure [1](#F1){ref-type="fig"}** and Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). This finding corroborated the conclusion that the enrichment process used indeed allowed the selection of strains with high LCB degradative capacity. We further addressed the ability of selected lignocellulose degrading strains to establish a \[positive\] relationship with each other, as suggested in an earlier study ([@B8]). Synergistic interactions were indeed observed in five of 13 co-cultures, and metabolic complementarity of the component strains was invoked as the most likely mechanism involved. For instance, the most promising synergistic pair, composed of *C. freundii* so4 and *S. multivorum* w15 (biculture A) displayed superior growth in co-culture as compared to the respective monocultures, with synergistic activities of several hydrolytic enzymes (**Figure [2A](#F2){ref-type="fig"}**). *C. freundii* and *S. multivorum* differ widely in their metabolic properties. *C. freundii* is a member of the *Enterobacteriaceae*, a facultatively anaerobic family, with motility by flagella. It is able to grow on glycerol as well as citrate as sole carbon sources ([@B30]). *S. multivorum* belongs to the *Sphingobacteriaceae*. It is a strict aerobe, which does not possess flagellar motility. It is able to produce acid from a large variety of carbohydrates (including α-[D]{.smallcaps}-glucopyranoside and α-[D]{.smallcaps}-mannopyranoside) by oxidative processes. In fact, the organism is able to grow on *p*-hydroxy-butyrate as a single carbon source, but not on glycerol, like *C. freundii*. Moreover, *S. multivorum* is well known as a producer of extracellular enzymes, mainly xylosidases, proteases, and lipases ([@B31]). Both strains are capable of transforming cellobiose.

Division of Labor
-----------------

In our study, *S. multivorum* w15 probably contributes to cultures growing on wheat straw with efficient extracellular enzymes. In particular the release of different types of xylosidases seems to be a common feature among *S. multivorum* strains ([@B23]; [@B21]). Here, growing on raw wheat straw, *S. multivorum* w15 produced powerful cellobiohydrolases and β-xylosidases; such enzymes were not found with *C. freundii* so4 when grown under the same conditions (**Figure [2A](#F2){ref-type="fig"}**). We also found highly active β-xylosidases from *S. multivorum* strains w15 and so22, grown on wheat straw singly and in co-culture (**Figure [2](#F2){ref-type="fig"}** and Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). Moreover, it has been indicated that *S. multivorum* has lignin-degradation potential, which suggests the organism may also play a role in the degradation of the lignin present in wheat straw ([@B34]). Such key metabolic activities allow *S. multivorum* to establish positive interactions with *C. freundii* so4. On the other hand, *C. freundii* so4 showed excellent growth on glucose, as opposed to *S. multivorum* w15. However, strain w15 did grow well in the glucose bicultures, which indicates that *C. freundii* so4 exerted a positive metabolic effect on its counterpart strain (**Figure [3](#F3){ref-type="fig"}**). We hypothesized that it probably provides redox power and contributes to the degradation of oligosaccharides to simpler sugars. This might be stimulated by its high motility, allowing it to explore the substrate. Furthermore, given the strict aerobic metabolism of *S. multivorum* w15, it is very likely that *C. freundii* so4 produces metabolic intermediates that *S. multivorum* w15 can consume, allowing it to reach higher cell densities in co-culture than in monoculture.

Furthermore, the observed growth stimulation of the *S. multivorum* w15 as well as the *C. freundii* so4 monocultures following treatment with the supernatant of the counterpart wheat-straw-grown strain further corroborates the contention that synergistic interactions take place when growing on wheat straw. We speculate that, in both cases, the recipient strain was capable of reaching increased cellular density after receiving, from the donor, a considerable number of secreted enzymes, next to (potentially) other compounds. With respect to the latter, signaling could be involved. This is corroborated by the fact that a quorum sensing system has been found in *C. freundii* ([@B30]; [@B41]). Although we cannot precisely pinpoint the mechanisms that drive the interactions in our co-cultures, as well as the large increase of enzymatic activities observed in them (**Figures [1](#F1){ref-type="fig"}**, **[2](#F2){ref-type="fig"}**), the supernatant-induced growth stimuli (**Figure [4](#F4){ref-type="fig"}**) provide clear evidence for synergistic interactions. Moreover, the metabolic differences between the two strains suggest that they divide 'labor' in the transformation of the heterogeneous wheat straw, allowing their co-cultures to build up an enhanced biomass. Importantly, the synergism was only observed with supernatants harvested from cells growing on raw wheat straw, but not with those from glucose-grown cells, indicating the relevance of the chemical complexity of the substrate (see below).

Influence of the Carbon Source
------------------------------

The complexity of carbon sources can have a substantial influence on the metabolism of heterotrophic organisms ([@B10]). [@B20], using flux balance analysis, found that different medium formulations (based on carbon, nitrogen, sulfur, and phosphorus) affect the interactions between microorganisms ([@B20]). In our study, the more complex the substrate was, the more synergistic the relationship between *C. freundii* so4 and *S. multivorum* w15 became. Thus, the emergence of synergism in subsets of the original wheat-straw-grown microbial consortia can be linked to the inherent heterogeneity of the substrate, suggesting that the complexity of the carbon source can strongly modify the relationship between degrader strains. Specifically, we hypothesized that the level of synergism between bacteria involved in LCB degradation processes is related to the differential presence of bonds in substrates of different complexity. In the SLB, the three main components (cellulose, xylan, and lignin) were not tightly bound together in a matrix, such as was the case for the raw wheat straw. Thus, the finding that the collaborative bacterial pair showed synergism only at the end of the experiment is in line with this lower number of bonds (**Figure [3B](#F3){ref-type="fig"}**). Specifically, the presence of bonds between lignin and the complex carbohydrates cellulose and hemicellulose, or between them, may have been at the basis of the observed synergism. Such bonds determine to some extent the recalcitrance of the LCB ([@B12]; [@B3]). Notwithstanding our enhanced understanding of the bias of synergism and the link to recalcitrant bond numbers, further studies are necessary to understand this phenomenon in greater detail.

Overall, the data indicate that, when grown on raw wheat straw as the sole C and energy source, degradative strains first consume the labile parts of the substrate, after which they are in need to collaborate to access the remaining recalcitrant sources of carbon. We here posit that 'multipolymer' or 'peeling' synergism could be a model description of the mechanism involved in the synergism between *S. multivorum* w15 and *C. freundii* so4 on raw wheat straw. In this type of synergism, proposed by [@B32] and [@B40], cellulose and hemicellulose are, at the same time, "peeled off" by enzymatic action, exposing new structures of the substrate to the hydrolytic enzymes that are or become available. For the complete hydrolysis of the raw wheat straw, different types of lignocellulolytic enzymes are probably required, in a temporally and spatially dynamic manner ([@B32]; [@B40]).

Final Remarks
-------------

Overall, this study reveals that, in LCB degradation processes, co-cultures of particular nature are superior to monocultures, as they allow division of labor in the metabolic processes that are required by the substrate. Clearly, microorganisms often lack some key metabolic pathways, which may be supplemented by others ([@B24]; [@B1]; [@B14]). Thus, LCB degradation, in the end, may impose 'group selection' pressure on the process participants, in which 'group' is not defined by 'kin' but is rather determined by complementarity in a spatially- and temporally-explicit process. Our findings are consistent with recent data that show that co-cultures often present improved performance over corresponding monocultures. The mechanisms involved may include enhanced substrate utilization, overcoming of nutritional limitations, reduction of the levels of cheaters/scavengers and achieving superior overall activity, conversion and enzymatic action ([@B13]; [@B27]; [@B43]; [@B22]; [@B37]).
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